19 Sacrocaudal motoneuron gene expression is altered following a spinal transection. Of interest 20 here is the regulation of serotonin (5-HT) receptors, mGluR1 and KCC2 which mediate 21 motoneuron excitability, locomotor recovery and spasticity post-transection. The examination of 22 42 Spinal transection, gene expression, serotonin receptors and KCC2, exercise, lumbar flexor and 43 extensor motoneurons 44 45
these genes in lumbar motoneurons post-transection has not been studied, which is necessary for 23 developing potential pharmacological interventions aimed at restoring locomotion and or 24 reducing spasticity. Also, if activity is to be used to promote recovery or reduce spasticity post-25 injury, a further examination of neuromuscular activity on gene expression post-transection is 26
warranted. The purpose of this study was to examine motoneuronal gene expression of 5-HT 27 receptors, KCC2 and mGluR1 at three months following a complete thoracic spinal cord 28 transection, with and without the inclusion of daily passive cycling. Physiological hindlimb 29 extensor and flexor motoneurons were differentially identified with two retrograde fluorescent 30 tracers, allowing for the identification and separate harvesting of extensor and flexor 31 motoneurons with laser capture microdissection, and the subsequent examination of mRNA 32 content using qRT-PCR analysis. We demonstrate that post-transection, 5-HT 1A R, 5-HT 2C R, and 33 mGluR1 expression was down-regulated, whereas the 5-HT 2A for studying spasticity (Bennett et al., 1999) and has provided insight into the mechanisms that 49 cause spasticity and the pharmacological methods to alleviate spasticity (D' Amico et al., 2014) . 50
However, the examination of gene expression in lumbar, as opposed to sacrocaudal 51 motoneurons, post spinal transection is necessary for developing pharmacological interventions 52 aimed at restoring locomotion or reducing limb spasticity and to date has not fully been 53 investigated. Of interest, is the regulation of the serotonin (5-HT) receptors on the alpha 54 motoneuron, given the fundamental role 5-HT has in recovery of motoneuron excitability and 55 locomotion post-injury (Ung et al., 2008; Schmidt & Jordan, 2000) . Further mRNA expression 56 of mGluR1 and the potassium chloride co-transporter, KCC2 were also examined. mGluR1 57 modulates motoneuron excitability by enhancing glutamatergic input on the motoneuron and 58 facilitatating plateau potentials (Delgado-Lezama & Hounsgaard, 1999), whereas KCC2 59 maintains chloride homeostasis; which is necessary for GABA to have an inhibitory or 60 hyperpolarizing effect on the neuron. (Payne et al., 2003; Boulenguez et al., 2010) .
Following a spinal cord transection, the 5-HT 2A R is up-regulated in sacral motoneurons 62 (Kong et al., 2010; Kong et al., 2011) and, in the lumbar cord, is necessary for the recovery of 63 hindlimb locomotion induced by serotonergic agonists such as quipazine (Ung et al., 2008) . 64
Following a thoracic spinal cord transection, quipazine is used to activate 5-HT 2 receptors and 65 enhance spinal cord excitability and promote locomotor recovery post-transection alone or in 66 combination with activity-based interventions such as treadmill training (Fong et al., 2009) . 67
However, the influence of neuromuscular activity on expression of 5-HT receptor genes in 68 motoneurons post-transection has not been reported. 69
Recently we demonstrated that at three months following a complete spinal cord 70 transection, the extensor but not flexor monosynaptic reflex (MSR) demonstrated a 5-fold 71 increase in amplitude, an effect that was attenuated with a program of daily passive cycling. 72
Further, it was demonstrated that the extensor MSR of passively-cycled rats responded to 73 quipazine whereas the MSR of non-cycled rats did not (Chopek et al., 2014) . Cote et al. (2014) , 74 have recently demonstrated that passive cycling following a spinal transection reduced muscle 75 spasticity via an up-regulation of the KCC2 on the motoneuron. Whether passive cycling 76 suppresses the development of extensor hyper-reflexia in the chronic spinalized rat was through 77 alterations in serotonin receptor, mGlur1 or KCC2 gene expression in these motoneurons is 78 unknown. 79
The purpose of this study was to examine gene expression of various 5-HT receptors at 3 80 months following complete thoracic spinal cord transection, with and without the inclusion of 81 daily passive cycling. As we and others have shown that extensor but not flexor motoneurons 82 respond differently to spinal transection and exercise (Chopek et al., 2014; Skup et al., 2012) , a 83 novel approach in which physiological hindlimb extensor and flexor motoneurons were differentially identified with two retrograde fluorescent tracers was used. This allowed for the 85 identification and harvesting of extensor and flexor lumbar motoneurons with laser capture 86 microdissection and the subsequent examination of mRNA content using qRT-PCR analysis. 87
We demonstrate that following a spinal transection, the 5-HT 2A R is up-regulated and the 5-88 HT 1A R, 5-HT 2C R and mGluR1 are down-regulated in both flexor and extensor motoneurons. The surgical techniques and post-operative care procedures have been previously 105 described in detail (Chopek et al., 2014) . Briefly, the rats were initially anesthetized with 5% isoflurane and maintained at 2-3% isoflurane mixed with 100% oxygen for the duration of the 107 surgery. A laminectomy was performed at T8 followed by a small incision in the dura mater. 108
The spinal cord at segment T9 was completely transected with microdissection scissors and 109 gentle aspiration was applied, ensuring a complete spinal transection of ~2mm. Gel foam was 110 packed into the gap and the surrounding fascia and musculature was sutured (4-0 Ethicon) while 111 the skin was closed with vet bond. Post-surgery, the rats were given the antibiotic Baytril (s.c. 112 injection 0.5 mg·kg -1 ) twice daily for a week period and the analgesic Buprenex (buprenorphine, 113 s.c. injection 0.05 mg·kg -1 ) twice daily for the first two days. A sub-cutaneous injection of 5 ml 114 of saline was also given immediately post-surgery to aide in rehydration. Manual bladder 115 expression was performed 3 times daily until the voiding reflex was re-established. 116
Experimental Groups 117
Identified flexor and extensor motoneurons were collected from the following three 118 groups: 1) control, spinal cord intact group that did not receive any intervention (N=7), 2) a 119 spinal transected group that did not receive any intervention for three months (N=7) and, 3) a 120 spinal transected group that received passive cycling for three months (N=6). 121
Daily Passive Cycling 122
Motorized pedals with a body hammock as described by Skinner et al. (1996) were used 123 for the passive cycling. Following one week of recovery from the spinal transection surgery, the 124 rats in the daily passive cycling group began their cycling. The rat was positioned in a body-125 supported hammock/sling that allowed for the hindlimbs to be passed through holes in the 126 hammock and secured to motorized pedals. The feet were secured using paper tape (3M 127 Micropore) and the height of the hammock was adjusted to an optimal position that allowed for 128 full extension and flexion of the hindlimbs. The motorized pedals also allowed for the rhythmic 129 alteration of the left and right hindlimbs. Each rat underwent passive cycling for one hour daily, 130 for a three-month period at a rate of 30-50 revolutions per minute (rpm). It was found that the 131 number of rpm needed to be adjusted for each rat daily as certain speeds produced spasticity. 132
Retrograde motoneuron labelling and tissue extraction 133
One week prior to sacrifice, physiological hindlimb flexor (extensor digitorum longus, 134 tibialis anterior) and extensor (lateral gastrocnemius, soleus) muscles were injected with either 135 0.1 % cholera toxin subunit B Alexa 488 conjugate (10 µl in 0.1M PBS, each muscle) or 7% 136 dextran tetramethylrhodamine 10 000MW (fluororuby, 18 µl in saline, each muscle) with a 137
Hamilton syringe. The muscle group injected was alternated between each tracer to ensure equal 138 number of flexor and extensor muscles were injected with both dyes to prevent potential bias. As 139 well, during each day of injections, one rat from each group was used to ensure consistency. At 140 time of sacrifice (24 hours after last passive cycling session), the rat was deeply anesthetized 141 with 5% isoflurane, followed by decapitation. The lumbar enlargement of the spinal cord was 142 immediately removed, placed in a cryomold, covered in Tissue-Tec O.C.T. embedding 143 compound (Gene Research Lab), fresh-frozen in isopentane and stored at -80 °C for future use. 144
Laser capture microdissection and qRT-PCR 145
Horizontal sections (11 µm) of the lumbar enlargement were cut on a cryostat and 146 mounted on polytetrafluorethylene-coated glass slides. Slides were either used immediately or 147 stored at -80 °C for up to seven days. Slides were immersed in pre-chilled acetone (-20 °C) for 148 one minute, followed by a series of alcohol washes (75%, 50%, 50%,75%, 90%, 100%) and air 149 dried for two minutes. The lumbar enlargements were then scanned and photographed using 150 Zeiss filter set 38 for Alexa 488 and filter set 43 for fluororuby fluorescence on a Zeiss 151 microscope to identify backfilled motoneurons. Individual motoneuron somas were dissected 152 using the PALM laser microdissection and capture system and flexor and extensor motoneurons 153 were collected in separate PALM microfuge tubes with adhesive caps (Figure 1 ). To limit RNA 154 degradation, samples were collected for no longer than 60 minutes per slide. The collected 155 material in the adhesive cap was treated with 20 µl of lysis buffer (RNAqueous Micro Kit, 156 Ambion), inverted to wet the cap and stored upside down for 20 min at 42 °C to aid tissue 157 digestion. The tubes were then vortexed and centrifuged at 10 000 RPM for 1 minute and stored 158 at -80 °C. Lysates from the same animal were pooled prior to RNA isolation (i.e., all flexor 159 motoneurons pooled, all extensor motoneurons pooled mRNA levels and were expressed as a %RQ (relative quantification) of control spinal cord intact 176 rats. All reactions were performed in triplicate and the coefficient of variation was less than 5% 177 for each triplicate. 178
Hindlimb muscle dissection 179
After sacrifice and removal of the spinal cord, muscles of both the left and right 180 hindlimbs were dissected and the weights were recorded in grams. The following flexor muscles 181 were dissected: 1) tibialis anterior and 2) extensor digitorum longus. As well the following 182 extensor muscles were dissected: 1) gastrocnemius, 2) soleus and 3) plantaris. 183
Statistical analysis 184
The mRNA results were expressed in relative quantification (RQ) values calculated with 185 the 7500 Software version 2.0 (Applied Biosystems) using the 2 -ΔΔCq method (Livak & 186 Schmittgen, 2001) . Preamplified pooled whole lumbar spinal cord cDNA served as the 187 calibrator for all plates, allowing comparison of data from multiple qPCR plates. Data was 188 subjected to a mixed-design ANOVA with group designation used for the between-subjects 189 variable and flexor and extensor motoneuron %RQ as the within-subject variables. Fisher's 190 least significant difference was used when a significant interaction was found. The p-value was 191 set at < 0.05 and a False Discovery Rate adjustment was calculated (6 tests) for significance 192 determined at (P < 0.03). Results for the spinal transection (STx) and STxcycling group were 193 expressed as percent relative to the control spinal cord intact group. 194
The muscle weight data was subjected to a one-way ANOVA to test for a main effect of 195 group and a Newman-Kuels post hoc analysis was used to test for differences between means. 196
Significance was set at P < 0.05. 197
RESULTS

198
Daily passive cycling attenuates extensor muscle mass loss 199
Prior to sacrifice, the rats were weighed, with no difference in body mass observed 200 between spinal transection groups, whereas, three months post-transection, all three extensor 201 muscles demonstrated a significant decrease in muscle weight ( Figure 2 ). The gastrocnemius 202 decreased by 24% (2.6 ± 0.4g vs 3.4 ± 0.4g) and the soleus and plantaris muscle weights 203 decreased by 16% (0.26 ± 0.05g vs 0.31 ± 0.04g) and 17% (0.55 ± 0.06g vs 0.66 ± 0.09g) 204 respectively. Daily passive cycling attenuated the loss in muscle mass, preserving the 205 gastrocnemius (3.01 ± 0.39g), soleus (0.31 ± 0.06g) and plantaris (0.62 ± 0.08g) weights, similar 206 to that seen in the control group. Transection did not result in loss of mass in either flexor 207 muscle. 208
Relative mRNA values of the control spine intact animals 209
Gene expression levels in control flexor and extensor motoneurons are presented in Table  210 2. The relative quantification (RQ) values for each gene, compared between extensor and flexor 211 motoneurons, were not significantly different except for mGluR1. The RQ values for mGluR1 212 antagonists for the 5-HT 2A and 5-HT 2C R will need to be used to confirm which receptor subtype 295 mediates lumbar motoneuron excitability post-transection. 296
Our results would suggest that enhanced lumbar motoneuron excitability post-transection 297 is likely mediated by the up-regulation of the 5-HT 2A R but also may in part be explained by the 298 down-regulation of the 5-HT 1A R. The 5-HT 1A R, located on the axon hillock, inhibits action 299 potential generation during periods of prolonged activity, thus a down-regulation would likely 300 lead to enhanced motoneuron excitability post spinal transection. However, the 5-HT 1A R is also 301 found on the soma and proximal dendrites of the motoneuron and may enhance excitability by 302 inhibiting a potassium leak channel. Further, the 5-HT 1A R has also been shown to be unchanged 303 (Giroux et al., 1999) demonstrated that KCC2 down-regulation was greater in L1-L3 segments compared to L3-L6 323 segments following a thoracic transection. Therefore, it is plausible that the down-regulation of 324 KCC2 expression post-transection is exclusive to hindlimb flexor motoneurons. This warrants 325 further investigation as in our current study the difference was not significant and likely due to 326 the large variability in expression seen in the spinal transected group.
Passive cycling influences gene expression 328
This is the first study to demonstrate that an activity-based intervention such as passive 329 cycling alters serotonin receptor expression in lumbar motoneurons following a spinal 330 transection. transected rat (Keeler et al., 2012) . Our results further the scope on activity related gene 342 expression, demonstrating that passive cycling increases both 5-HT 7 R and KCC2 expression and 343 further enhances 5-HT 2A R expression -exclusively in extensor motoneurons. The exact 344 mechanism by which gene expression is up-regulated is unknown but passive cycling has 345 previously been found to activate and preserve group I and II afferent connections on the 346 motoneuron (Ollivier-Lanvin et al., 2010), which would likely provide a level of daily afferent 347 input on the motoneuron to increase gene expression. 348
Extensor but not flexor motoneurons respond to exercise
Our results are consistent with others that extensor motoneurons respond to 350 neuromuscular activity following a spinal transection to a greater extent than flexor motoneurons 351 (Chopek et al., 2014; Skup et al., 2012) . We previously demonstrated that passive cycling 352 attenuated the hyperexcitability of the extensor MSR and maintained the responsiveness of the 353 extensor MSR to quipazine, whereas no effect was seen in the flexor MSR (Chopek et al., 2014) . transection (Skup et al., 2012) . Why extensor motoneurons respond to activity whereas flexor 363 motoneurons do not is unknown, but is thought to be the result of extensor muscles being anti-364 gravitational and thus affected to a greater extent than flexor muscles post-injury (West et al., 365 1986;Roy & Acosta, Jr., 1986). Similar to others, we demonstrated that following a spinal 366 transection, extensor muscle mass is lost and that with passive cycling, muscle mass is preserved 367 Murphy et al., 1999; Peterson et al., 2000) . Therefore, passive cycling 368 appears to influence the extensor spinal circuitry to a greater extent than the flexor circuitry by 369 preserving muscle mass, attenuating the pathological increase in the MSR, maintaining the 370 responsiveness of the MSR to quipazine (Chopek et al., 2014) and up-regulating serotonin 371 receptor and KCC2 mRNA. Although we did not measure spasticity to correlate our findings, we previously demonstrated 386 that 3 months post spinal transection the extensor but not flexor MSR was potentiated and this 387 was attenuated with passive cycling. Thus, our results in combination with others, demonstrates 388 that passive cycling attenuates spasticity (Cote et al., 2014) and MSR hyperexcitability (Chopek 389 et al., 2014) , likely through an up-regulation of KCC2 expression, which is exclusive to extensor 390 motoneurons. 391
5-HT 7 R expression is enhanced in extensor motoneurons 392
A novel finding was that passive cycling up-regulated 5-HT 7 R gene expression in 393 extensor motoneurons. Immunohistochemistry and immunocytochemistry studies have 394 demonstrated that the 5-HT 7 R is present in the ventral horn and on motoneurons (Noga et al., 395 2009; Doly et al., 2005) , although the role of the 5-HT 7 R on the motoneuron is poorly 396 understood, likely due to lack of available specific agonists for the 5-HT 7 R. It has however, 397 been demonstrated that the 5-HT 7 R reduces the mAHP in presumed jaw-closing motoneurons 398 (Inoue et al., 2002) and induces long-term motor facilitation in phrenic motoneurons (Hoffman 399 & Mitchell, 2011) , demonstrating an excitatory effect on the motoneuron. The 5-HT 7 R has also 400 been linked to locomotor generation in the in-vitro rat preparation when stimulating the 401 parapyramidal region and that both the 5-HT 7 R and 5-HT 2A R are required for the induction of 402 locomotion to occur (Liu & Jordan, 2005) , although it was believed that agonists for the 5-HT 7 R 403 acted on potential CPG neurons whereas 5-HT 2A R agonists acted directly on the motoneuron. 404
Further studies are required to understand the role of the 5-HT 7 R on the motoneuron to 405 determine if an up-regulation of the receptor leads to a measurable outcome. 406 CONCLUSION 407 This is the first study to examine serotonin gene expression in two distinct lumbar 408 motoneuron pools following spinal transection with and without passive cycling. We 409 demonstrate that following a spinal transection, the 5-HT 2A R is up-regulated, whereas the 5-410 HT 2C R, 5-HT 1A R and mGluR1 are down-regulated in both extensor and flexor motoneurons. 411
With passive cycling, KCC2 and 5-HT 7 R expression is increased and 5-HT 2A R expression is 412 further enhanced in extensor but not flexor motoneurons. The increase in gene expression likely 413 explains our previous results in which passive cycling attenuated the hyper-excitability of the 414 extensor MSR and maintained the MSR response to quipazine. Finally, our results would 415 suggest that extensor motoneurons may be more plastic to activity based interventions following 416 a spinal cord injury. 
